Cells from V79 multicell spheroids must be exposed to approximately 50 times more etoposide than exponentially growing monolayers in order to produce the same amount of cell killing. A part of this difference in sensitivity is readily explained by the decrease in growth fraction of large spheroids, and by the protection afforded by nutrient deprivation which also reduces cellular ATP. However, cells composing the outer 10% of large (-600pm diameter) V79 spheroids, although actively cycling, were still ten times more resistant to etoposide than exponentially growing monolayers, regardless of whether cells were exposed in situ in spheroids or dispersed by trypsin immediately prior to exposure to the drug. Four 
resistant to etoposide than exponentially growing monolayers, regardless of whether cells were exposed in situ in spheroids or dispersed by trypsin immediately prior to exposure to the drug. Four Etoposide, a derivative of podophyllotoxin, is an effective antitumour agent which is selectively toxic to proliferating cells (Heck & Earnshaw, 1986; Sullivan et al., 1986; Hsiang et al., 1988) . A major cause of toxicity is believed to be binding to etoposide to the nuclear enzyme, topoisomerase II (topo II), and trapping of this enzyme in a 'cleavable complex' with DNA; the resulting strand breaks can lead to cell killing (Osheroff, 1989; D'Arpa & Liu, 1989; Kalwinsky et al., 1983) . In a previous paper, we observed a 30% decrease in etoposide sensitivity to killing and DNA damage by etoposide when Chinese hamster V79 lung fibroblasts were grown for 24 h in suspension culture (Olive et al., 1991) . In suspension, V79 cells initially aggregate and then continue to grow as spheroids, and after 24 h, each spheroid is composed of 20-50 cells. After 10 -14 days in suspension culture each spheroid is about 600j,m in diameter and contains about 100,000 cells (Sutherland & Durand, 1976) . These large spheroids exhibited a 50-fold decrease in sensitivity to etoposide which we attributed at the time to a drop in growth fraction; as spheroids enlarge, the central cells stop proliferating and only the outer 2-3 cell layers continue to divide (Sutherland & Durand, 1976) . Spheroid sensitivity to etoposide should therefore reflect damage to two populations, one retaining the sensitivity of the monolayer cells, and the other exhibiting resistance to DNA damage as well as to cell killing.
Previous studies with 4-7 day-old spheroids showed less etoposide-induced DNA damage than observed for monolayers, but the pattern of damage was inconsistent with the simple two component model described above (Olive et al., 1991) . The damaged population showed much less DNA breakage than expected on the basis of the monolayer response, and the resistance could not be explained completely by a decrease in growth fraction. We therefore examined etoposide-induced cell killing in cells recovered from different depths within intact and dissociated large spheroids. DNA damage was measured using the 'comet' assay, a method originally described by Ostling and Johanson (1984) and modified by us to quantify DNA single strand breaks (Olive et al., 1990a,b) . This method measures DNA strand breaks produced in individual cells, and is therefore the method of choice when studying heterogeneous systems such as multicell spheroids. Since the inner cells of spheroids also lack oxygen and nutrients (Sutherland & Durand, 1976) , V79 cell sensitivity to etoposide was also examined in hypoxic and nutrient-deprived single cells. Western blotting and decatenation of kinetoplast DNA by proteins recovered from monolayers and spheroids were measured since resistance to etoposide has often been correlated with a change in topo II content or activity (Kasahara et al., 1992; Danks et al., 1988; Spiridonidis et al., 1989 Selection of cells from various depths within spheroids was accomplished using two methods: Hoechst 33342 cell sorting as previously described (Durand, 1982) (Durand, 1982 (Olive, 1985 (Olive et al., 1990b) . The 'tail moment', defined as the product of the percentage of DNA in the tail multiplied by the tail length, and 'DNA content', defined as the total fluorescence associated with an image, were the most informative features (Olive et al., 1990b) .
DNA precipitation assay
The alkaline DNA precipitation assay described previously (Olive, 1988) P-glycoprotein was measured in monolayers and the outer cells of spheroids using an antibody (C219) purchased from Centocor (Malvern, PA). Methods used for flow cytometry evaluation of antibody binding were those recommended by the supplier and included incubation of a fixed cell sample with a 'negative' antibody to obtain background fluorescence.
Determination of topoisomerase II activity The activity of topoisomerase II in homogenates of V79 cells was measured using a modification (Olive et al., 1991) of the trypanosome kinetoplast DNA decatenation reaction described by Sahai and Kaplan (1986 (Olive et al., 1991) .
Topisomerase II measured by immunoblotting Immunoblotting was performed on nuclear proteins from monolayers and 1-day-old spheroids. The same number of nuclei obtained by sequential trypsinisation from Chinese hamster V79 monolayers, and the outer -10%, middle -20% and inner -70% of cells of spheroids were lysed in sample loading buffer. SDS-polyacrilamide gel electrophoresis and transfer of proteins to nitrocellulose was performed as previously described (Olive & MacPhail, 1992) .
High-molecular weight rainbow markers from Bio-rad were also transferred to nitrocellulose. Blots were blocked by a 2 h incubation with 5% skim milk in PBS. Topoisomerase II was detected by incubation with rabbit antibodies against human recombinant topoisomerase II (c-terminal), kindly supplied by Dr Leroy Liu. A 1:500 dilution of the antibodies was prepared in PBS containing 3% BSA. After incubation overnight at room temperature, blots were washed in 3% bovine serum albumin in PBS followed by incubation for 1 h with peroxide conjugated goat anti-rabbit IgG. Colour formation by horseradish peroxidase was induced by soaking the blots in a solution of 600 fg ml-' of 3-3'diaminobenzidine with 0.3% hydrogen peroxide in 50 mM Tris, pH 7.6. The reaction was stopped by rinsing with PBS. Experiments were repeated using three separate populations of spheroids and monolayers, and a representative blot is shown.
Results
A large difference was observed in the etoposide sensitivity of the internal vs the external cells of Chinese hamster V79 spheroids (Figure 1 ). This was expected since the internal cells are non-cycling (Durand, 1976 ) and should therefore not respond to etoposide (Heck & Earnshaw, 1986; Sullivan et al., 1986; Hsiang, 1988) . However, the external cells of 600 ytm diameter Chinese hamster V79 spheroids were approximately ten times more resistant to etoposide than exponentially growing monolayers, and the sensitivity of these cells to etoposide was similar whether spheroids were incubated with the drug intact or dissociated prior to treatment ( Figure 1 ). The resistance of the external cells of V79 spheroids is difficult to explain since almost all of these cells are cycling, well-nourished, and have direct access to the drug. When V79 cells are placed in suspension culture, they aggregate and begin to grow as multicell spheroids. Resistance to etoposide develops rapidly over the first 3 days in culture, and then remains fairly constant (Figure 2a) . The mitotic index and labelling index drop rapidly between 2-6 days in culture, accounting for some of this increased resistance, although the cell cycle time, measured using 3H-thymidine labelling does not change significantly (Sutherland & Durand, 1976; Durand, 1976) . Recent flow cytometry measurements of transit times of cells incorporating bromodeoxyuridine confirms that S phase durations for the proliferating cells of spheroids (-10 h) are similar to those observed for exponentially growing monolayers (R. Durand, personal communication). However, as shown in Figure 1 and 2b, the external cycling cells from larger spheroids are also more resistant to killing by etoposide, so the change in growth kinetics is not the explanation for the resistance of Etoposide (,ug (Durand, 1982 (Olive et al., 1990b) , and etoposide is effective in producing strand breaks measured using this method (Olice et al., 1990a). As expected, the non-dividing internal cells of spheroids were resistant to etoposide-induced DNA damage (Figure 3) . However, the external cells of V79 spheroids were also about six times more resistant than exponentially growing monolayers. This results is in reasonably good agreement with the toxicity results shown in Figure 1 considering that our endpoint for DNA damage, 'tail moment', emphasises the response of the damaged cells, not the surviving cells. The resistance of the outer cells of spheroids to DNA damage by etoposide could result if two populations were present in the external cells of spheroids: one population equally as sensitive as the monolayers, and the other population responding like non-cycling cells. By examining the heterogeneity of tail moment measured for individual cells, this question can be resolved. In spite of the large heterogeneity, it is clear from histograms shown in Figure 4 that the entire population of outer cells is considerably more resistant to DNA damage than monolayers. A small fraction of the outer cells do not respond to etoposide (these cells are the survivors), but the distribution of comet tail moments for the external 10% of cells of V79 spheroids exposed to 2 ytg ml-' etoposide did not overlap significantly the distribu- tion for exponentially growing monolayers exposed to this concentration. More heterogeneity in DNA damage was observed after etoposide treatment (Figure 4 ) than after X-ray treatment ). This does not appear to be a result of inherent differences in DNA damage through the cell cycle since tail moment was independent of DNA content measured simultaneously for each comet ( Figure 5 ). Permeabilisation using saponin did not reduce heterogeneity or the 10-fold difference between the sensitivity of monolayers and the outer cells of spheroids to etoposide. Therefore, both clonogenicity and DNA damage assays indicate a substantial difference in the sensitivity of monolayers and the outer cells of spheroids which cannot be explained by a decrease in growth fraction.
The ability of the comet assay to predict cell sensitivity to etoposide is shown in Figure 6 . Here the tail moment was measured in populations of monolayers and spheroids exposed to etoposide, and the fraction of comets with tail moments less than 2.0 were defined to be viable cells since 95% of the untreated comets had tail moments <2.0. The linear correlation between DNA damage and survival shown in Figure 6b (using data from Figure 6a and Figure 1 ) indicates that DNA damage in both monolayers and spheroids is predictive for cell survival. (Durand, 1976) . Also, as shown in Figure 8 4-0 DNA content Figure 5 Bivariate plot comparing DNA content and tail moment measured for monolayers exposed to etoposide. Exponentially growing V79 monolayers were exposed to 2 Lg ml-I etoposide for 1 h followed by examination of DNA damage using the comet assay. DNA content (total fluorescence) is compared to tail moment measured for the same comet. Data for 200 individual cells are shown. ( Figure 9b ). However this reduction, expressed as a percent of the decatenation observed in untreated samples, was similar for monolayers, outer cells and remaining cells of spheroids.
Less killing was produced in the internal than external cells of intact spheroids, but sensitivity of the inner cells was increased when spheroids were disaggregated prior to etoposide treatment (Figure 1 ). The internal cells in intact spheroids have less access to oxygen and nutrients (Sutherland & Durand, 1976) and may be protected from damage because of a reduced energy status; once the spheroid is disaggregated, protection may be lost immediately. This explanation is supported by results shown in Figure 10 ; about seven times less etoposide was required to produce the same surviving fraction for cells incubated with the drug dissolved in medium equilibrated with air compared to cells incubated with the drug dissolved in buffer equilibrated with nitrogen. This difference was primarily due to incubation of cells in PBS since hypoxic cells were only about 30% more resistant to etoposide than well-oxygenated cells when incubated in buffer or medium; this difference was significant at the 5% level using a paired t-test. No significant difference in toxicity was observed for V79 cells incubated with etoposide in medium equilibrated at pH 6.5 to 7.4 (data not shown). [Protein] ug ml-'
Interestingly, the decreased cell killing in buffer was not accompanied by a decrease in DNA damage by etoposide. In fact, aerobic cells incubated with etoposide in PBS showed a small relative increase in DNA single-strand breakage measured using the DNA precipitation assay (Figure 9b ). Rejoining of DNA breaks after a 2 h exposure to etoposide was identical for cells exposed to etoposide in MEM or PBS (Figure 9c) . A similar dissociation between cell killing and DNA damage was not, however, observed with the inner cells of spheroids which are also presumably nutrient deficient; both cell killing and DNA damage (Figure 6a) were increased when spheroids were disaggregated prior to exposure to etoposide.
Discussion
Multicell spheroids are often used to model features of the tumour cell microenvironment in order to examine factors which might influence the response of tumour cells to therapeutic agents (Sutherland, 1988; Durand, 1991; Durand & Sutherland, 1972) . Close intercellular contact, cell cycle kinetics, drug accessibility and gradients of oxygen and nutrients may also act and interact to influence cell killing. It is clear that effects of chemotherapy agents on single cells may not predict for the response of cells in spheroids (Durand, 1986) , and results shown here with etoposide support this conclusion.
The basis for this large difference between the sensitivity of monolayers and outer cells of V79 spheroids to etoposide is not yet known. The observation that, for approximately the same cell killing or DNA damage, the external cells of V79 spheroids must be exposed to ten times more etoposide than exponentially growing monolayers cannot be explained by differences in growth fraction or nutrient status. Even when growth fraction is discounted, there are likely to be many [Etoposidel ,ug mI-' Wilson et al. (1981) indicated that m-AMSA was significantly less toxic to the external cells of V79 spheroids than expected on the basis of the monolayer response. This result is important since it confirms our data with another inhibitor of topoisomerase II, and moreover, suggests that DNA intercalation, which is a property of m-AMSA but not etoposide, is not involved in this effect.
As we have discussed previously, there is an important similarity between the enhanced resistance of cells in V79 spheroids to killing by etoposide and the 'contact effect' described for ionising radiation-induced damage (Olive et al., 1991) . We and others have suggested that differences in the sensitivity of monolayers and spheroids to ionising radiation is dependent upon the conformation or 'packaging' of chromatin (Olive et al., 1986; Olive, 1989; Gordon et al., 1990) . If, as previous results suggests, DNA conformation and association with the nuclear matrix is altered in V79 spheroids, then this change could influence the response of cells to etoposide, a drug whose action requires the formation of a complex between itself, DNA and topoisomerase II. This hypothesis is supported by results from numerous studies which indicate a correlation between sensitivity to ionising radiation and sensitivity to topoisomerase II inhibitors for a variety of repair-deficient cell lines (Smith et al., 1986; Caldecott et al., 1990; Henner & Blazka, 1986; Evans et al., 1989) . For all of these cell lines, changes in DNA conformation have been implicated in their increased sensitivity to ionising radiation (Schwartz et al., 1990; Taylor et al., 1991; Kapiszewska et al., 1989) . It therefore seems likely that DNA conformational differences can influence sensitivity to etoposide. Recent studies indicating that the nature of attachment/ association of topo II to the nuclea matrix can be cell line dependent and can influence susceptibility to topo II poisons provides further support for this argument (Fernandes & Catapano, 1991) .
The relation between cell killing and DNA damage by etoposide was similar for monolayers and spheroids ( Figure  6 ), a result that could be interpreted to mean that the mechanism of cell killing by etoposide is similar for these two populations. However, this correlation results because a small fraction of the outer 10% of cells of the V79 spheroids do not show significant DNA damage probably because they are non-cycling. Additional evidence for the presence of noncycling cells in the external cells layers comes from data in Figure 1 where the curve for external cells from intact spheroids appears to flatten at higher etoposide concentrations. Extrapolation of this curve back to the ordinate suggests that a non-cycling fraction as high as 10% could be present in the outer cell layer. These non-responding cells are the ones that survive exposure to etoposide. If average DNA damage is compared to cell survival, the correlation is not as good, and can be compared to results of Spiridonidas and coworkers (1989) who also examined the relation between survival and DNA damage for etoposide-resistant V79 cell lines. They observed more cell killing than expected on the basis of average number of DNA strand breaks/cell. However, survival reflects the fraction of the population with the least amount of damage, so that a method that examines DNA damage in individual cells is an important advantage in making these kinds of comparisons. We expected to detect, in addition to these resistant cells, at least some external cells of the spheroids with DNA damage equivalent to the level sustained by monolayers. As shown in Figure 4 , there was no evidence that a significant fraction of the outermost spheroid cells were as sensitive to 2 lag ml-' etoposide as monolayers.
In other words, while a proportion (we estimate to be about 4-10% from Figure 5 and similar data) of the external cell layer may not be cycling and will therefore survive etoposide treatment, the remaining cells are considerably more resistant than expected to DNA damage by etoposide.
Several authors have noted a discrepancy between etoposide-induced cleavable complex formation and cell killing which indicates that factors in addition to trapping of complexes are involved in cell inactivation (Chow & Ross, 1987; Schneider et ever, the energy status of the cell also appears to be critical. Figure 8 indicates that V79 cells incubated in phosphate buffer are protected from the toxic effects of etoposide, presumably in a manner analogous to the protection afforded by 2,4-dinitrophenol (Kupfer et al., 1987) , an inhibitor of oxidative phosphorylation. However, ATP is reduced to the same extent (about 50%) in hypoxic cells incubated for 2 h in MEM plus FCS or in aerobic cells incubated for 2 h in PBS (Olive, unpublished results) , but much more toxicity is observed in cells incubated with etoposide in medium than in PBS, indicating that a decrease in ATP is not the only factor involved. Presumably incubation in PBS also reduces RNA transcription, and inhibitors of transcription can protect cells against etoposide killing, but not cleavable complex formation (d'Arpa et al., 1990) . Oxidation of etoposide by cytochrome P-450 monooxygenase or peroxidase has also been shown to produce toxic metabolites (Haim et al., 1987) which might explain the small but significant protection observed for etoposide treatment under hypoxic conditions. Incubation in buffer (Figure 10 ) or treatment with dinitrophenol (Kupfer et al., 1987) did not protect against etoposide-induced DNA strand breakage suggesting that a cytoxic event occurs after formation of the cleavable complex, and this event may require energy when the drug is still present. Rejoining kinetics were similar for cells incubated in buffer or medium suggesting that the rate of dissolution of the etoposide/topo II/DNA complex is not a critical factor for cell survival.
In summary, Chinese hamster V79 spheroids show resistance to etoposide which is a result, in part, of the decrease in growth fraction and perhaps nutrient status of internal cells. However, changes in DNA conformation may also affect etopside toxicity since cycling cells from the outer layers of spheroids are still ten times more resistant to DNA damage and killing by etoposide than monolayers. There are no changes in topo II amount or activity in vitro, and no differences in etoposide uptake/efflux to explain these results.
